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Abstract. In this work, we try to explain the neutrino mass and mixing data radiatively at
three-loop by extending the standard model (SM) with two charged singlet scalars and three
right handed (RH) neutrinos. Here, the lightest RH neutrino is a dark matter candidate that
gives a relic density in agreement with the recent Planck data, the model can be consistent with
the neutrino oscillation data, lepton flavor violating processes, the electroweak phase transition
can be strongly first order; and the charged scalars may enhance the branching ratio h → γγ,
where as h → γZ get can get few percent suppression. We also discuss the phenomenological
implications of the RH neutrinos at the collider.
1. Introduction
The Standard Model (SM) of particle physics has been very successful in describing nature at
the weak scale, however, there are many unexplained puzzles left, that implies going beyond
SM. Three concrete evidences for Physics beyond SM are: (i) non zero neutrino masses, (ii) the
existence of dark matter (DM), and (iii) the observation of matter anti matter asymmetry of the
universe. However, most of the SM extensions make no attempt to address these three puzzles
within the same framework. For instance, a popular extension of the SM, is introducing very
heavy right-handed (RH) neutrinos (mN ≥ 108 GeV), where small neutrino masses are generated
via the see-saw mechanism [1], and the BAU is produced via leptogenesis [2]. Unfortunately, a
RH neutrino heavier than 107 GeV, decouples from the effective low energy theory, and can not
be tested at collider experiments.
A small neutrino mass can be generated radiatively, where the famous example is the so-
called Zee model [3]. In Zee-model, the solar mixing angle comes out to be close to maximal,
which is excluded by the solar neutrino oscillation data [4]. This problem is circumvented in
models where neutrinos are induced at two loops [5] or three loops [6, 7]. One of the advantages
of this class of models is that all the mass scales are in the TeV or sub-TeV range, which
makes it possible for them to be tested at future colliders. In Ref. [6], the SM was extended
with two charged SU(2)L singlet scalars and one RH neutrino field, N , where a Z2 symmetry
was imposed to forbid the Dirac neutrino mass terms at tree level [6]. After the electroweak
symmetry breaking, tiny neutrino masses are naturally generated at three loops due to the high
loop suppression. A consequence of the Z2 symmetry and the field content of the model, N is
Z2-odd, and thus guaranteed to be stable, which makes it a good DM candidate. In Ref. [8], the
authors considered extending the fermion sector of the SM with two RH neutrinos, in order for
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Figure 1. The three-loop diagram that generates the neutrino mass.
it to be consistent with the neutrino oscillation data, and they studied also its phenomenological
implications.
In [9], we calculated the three loop neutrino masses exactly, as compared to the approximate
expression derived in [6]. We have shown that in order to satisfy the recent experimental bound
on the lepton flavor violating (LFV) process such as µ→ eγ [10]; and the anomalous magnetic
moment of the muon [11], one must have three generations of RH neutrinos. Taking into account
the neutrino oscillation data and the LFV constraints, we show that the lightest RH neutrino
can account for the DM abundance with masses lighter than 225 GeV. The presence of the
charged scalars in this model will affect the Higgs decay process h → γγ and can lead to an
enhancement with respect to the SM, where as h → γZ is slightly reduced. In this model, we
find that a strongly electroweak phase transition can be achieved with a Higgs mass of ≃ 125
GeV as measured at the LHC [12, 13].
This letter is organized as follows. In the next section we present the model, and discuss the
constraints from the LFV processes. In section III, we study the relic density of the lightest
RH neutrino and different DM features in this model. Section IV is devoted to the study of the
electroweak phase transition combined with the effect of the presence of extra charged scalars on
the Higgs decay channels h → γγ and h → γZ. In section V, we discuss the phenomenological
implications of the RH neutrinos at the ILC. Finally we conclude in section VI.
2. Neutrino Mass & Mixing
Our model is just the SM extended by three RH neutrinos, Ni, and two charged singlet scalars,
S±1 and S
±
2 . In addition, we impose a discrete Z2 symmetry on the model, under which
{S2, Ni} → {−S2,−Ni}, and all other fields are even. The Lagrangian reads
L = LSM + {fαβLTαCiτ2LβS+1 + giαNiS+2 ℓαR + 12mNiNCi Ni + h.c} − V (Φ, S1, S2), (1)
where Lα is the left-handed lepton doublet, C is the charge conjugation matrix, fαβ are Yukawa
couplings which are antisymmetric in the generation indices α and β, mNi are the Majorana RH
neutrino masses; and V (Φ, S1, S2) is the tree-level scalar potential which is given by
V (Φ, Si) = λ
(
|Φ|2
)2
− µ2 |Φ|2 +∑i{m2iS∗i Si + λiS∗i Si |Φ|2 + ηi2 (S∗i Si)2}
+ {λsS1S1S∗2S∗2 + h.c} , (2)
where Φ is the SM Higgs doublet. The Z2 symmetry imposed on the Lagrangian implies:
(1) if N1 is the lightest particle among N2, N3, S1 and S2, then it would be stable, and hence
it is a candidate for dark matter. Moreover, Ni will be pair produced and subsequently decay
into N1 (or to N2 and then to N1) and a pair (or two pairs) of charged leptons. We will discuss
its phenomenology later. (2) The Dirac neutrino mass term is forbidden at all levels of the
perturbation theory, and Majorana neutrinos masses are generated radiatively at three-loops,
as shown in Fig. 1-left.
The exact estimation of the diagram in Fig. 1 leads to [9]
(Mν)αβ =
λsmℓimℓk
(4π2)3mS2
fαifβkgijgkjF
(
m2Nj/m
2
S2 ,m
2
S1/m
2
S2
)
, (3)
where ρ, κ, j(i, k) are flavor (eigenstates) indices, and the function F is a loop integral given
in (A.8) in [9], which was approximated to one in the original work [6]. In this model, the
radiatively generated neutrino masses are directly proportional to the charged leptons and RH
neutrino masses as shown in (3) unlike the conventional seesaw mechanism. The neutrino mass
matrix elements (3) should fit the experimental values
(Mν)αβ = [U · diag(m1,m2,m3) · UT ]αβ , (4)
where U is the Pontecorvo-Maki-Nakawaga-Sakata (PMNS) mixing matrix [14], where the
mixing angles are given by the experimental allowed values for s212 = 0.320
+0.016
−0.017, s
2
23 = 0.43
+0.03
−0.03,
s213 = 0.025
+0.003
−0.003, with sij ≡ sin(θij) and cij ≡ cos(θij), and the mass differences
∣∣∆m231∣∣ =
2.55+0.06−0.09 × 10−3 eV2 and ∆m221 = 7.62+0.19−0.19 × 10−5eV2 [15].
Besides neutrino masses and mixing, the Lagrangian (1) induces flavor violating processes
such as ℓα → γℓβ if mℓα > mℓβ , generated at one loop via the exchange of both extra charged
scalars S±i . The branching ratio of such process can be computed as [9]
B(ℓα → γℓβ) = αemυ
4
384π


∣∣∣fκαf∗κβ∣∣∣2
m4S1
+
36
m4S2
∣∣∣∣∣
∑
i
giαg
∗
iβF2
(
m2Ni
m2S2
)∣∣∣∣∣
2

 , (5)
with κ 6= α, β, αem is the fine structure constant and F2(x) = (1−6x+3x2+2x3−6x2 lnx)/6(1−
x)4. Another constraint which the bound on the muon anomalous magnetic moment δaµ, that
receives the contribution [9]
δaµ =
m2µ
16π2
{
|fµe|2 + |fµτ |2
6m2S1
+
1
m2S2
∑
i
|giµ|2 F2
(
m2Ni
m2S2
)}
. (6)
In Fig. 2-left, we show a scattered plot of the muon anomalous magnetic moment versus
the ββ0ν decay effective Majorana mass (Mν)ee, where the considered upper bound is (Mν)ee <
0.35 eV [16]. In our parameter space scan, we consider mS1,2 ≥ 100 GeV; and demanded that
(3) to be consistent with the neutrino oscillation data. From Fig. 2-left, one can see that most
of the values of (Mν)ee that are consistent with the bound on δaµ are lying in the range 10
−3
eV to ∼eV.
Fig. 2-right gives an idea about the magnitude of the couplings that satisfy the constraints
from LFV processes and the muon anomalous magnetic moment, and which also are consistent
with the neutrino oscillation data. It is worth noting that when considering just two generations
of RH neutrinos (i.e, g3α = 0), we find that the bound B (µ→ eγ) < 5.7×10−13 is violated [10].
Therefore, having three RH neutrinos is necessary for it to be in agreement with the data from
the bounds from LFV processes. Moreover, one has to mention that the bound on B (µ→ eγ)
makes the parameters space very constrained. For instance, out of the benchmarks that are in
agreement with the neutrino oscillation data, DM and δaµ, only about 15% of the points will
survive after imposing the µ→ eγ bound.
3. Dark Matter
As mentioned above, the lightest RH neutrino N1 is stable, and could be the DM candidate.
In the case of hierarchical RH neutrino mass spectrum, we can safely neglect the effect of N2
and N3 on N1 density. The N1 number density get depleted through the annihilation process
N1N1 → ℓαℓβ via the t-channel exchange of S±2 . After estimating the Feynman diagrams,
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Figure 2. Left: The muon anomalous magnetic moment versus the ββ0ν decay effective
Majorana (Mν)ee . The blue lines represent their experimental upper bounds. Right: Different
parameters combinations (as absolute values) that are relevant to the LFV constrain on B(µ→
eγ), are shown where (3) and (4) are matched.
squaring, summing and averaging over the spin states, we find that in the non-relativistic limit,
the total annihilation cross section is given by
σN1N1υr ≃
∑
α,β
|g1αg∗1β |2
m2N1
(
m4S2 +m
4
N1
)
48π
(
m2S2 +m
2
N1
)4 υ2r , (7)
with υr is the relative velocity between the annihilation N1’s. As the temperature of the universe
drops below the freeze-out temperature Tf ∼ mN1/25, the annihilation rate becomes smaller
than the expansion rate (the Hubble parameter) of the universe, and the N1’s start to decouple
from the thermal bath. The relic density after the decoupling can be obtained by solving the
Boltzmann equation, and it is approximately given by [9]
ΩN1h
2 ≃ 1.28 × 10
−2∑
α,β |g1αg∗1β |2
( mN1
135 GeV
)2 (1 +m2S2/m2N1)4
1 +m4S2/m
4
N1
, (8)
In Fig. 3, we plot the allowed mass range (mN1 ,mSi) plane that give the observed dark matter
relic density [17]. As seen in the figure, the neutrino experimental data combined with the
relic density seems to prefer mS1 > mS2 for large space of parameters. However, the masses of
both the DM and the charged scalar S±2 can not exceed mN1 < 225 GeV and mS2 < 245 GeV,
respectively.
In computing the relic density in (8), we have assumed that there is a hierarchy between the
three right-handed neutrino masses. However, when the possibility for N2 and/or N3 being close
in mass to N1, i.e ∆i = (mNi − mN1)/mN1 << 1, is considered, the coannihilation processes
like N1N2,3 → ℓαℓβ might enhance the relic density values by three if the degeneracy is around
∆2 ∼ 0.1.
4. Electroweak Phase Transition & Higgs Decay
It is well known that the SM has all the qualitative ingredients for electroweak baryogenesis,
but the amount of matter-antimatter asymmetry generated is too small. One of the reasons
is that the electroweak phase transition (EWPT) is not strongly first order, which is required
to suppress the sphaleron processes in the broken phase. The strength of the EWPT can be
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Figure 3. The charged scalar masses mS1 (red) and mS2 (green) versus the lightest RH neutrino
mass, where the consistency with the neutrino data, LFV constraints and the DM relic density
have been imposed.
improved if there are new scalar degrees of freedom around the electroweak scale coupled to the
SM Higgs, which is the case in the model that we are considering in this paper.
The investigation of the transition dynamics and its strength requires the precise knowledge
of the effective potential of the CP-even scalar fields at finite temperature [18]. The one-loop
Higgs effective potential is given in the DR scheme by
Veff (h, T ) =
λ
4!
h4 − µ
2
2
h2 +
∑
i
ni
m4i (h)
64π2
(
ln
(
m2i (h)
Λ2
)
− 3
2
)
,
+ T
4
2π2
∑
i
niJB,F
(
m2i /T
2
)
+ Vring(h, T ); (9)
Vring(h, T ) = − T
12π
∑
i
ni
{
m˜3i (h, T ) −m3i (h)
}
, (10)
JB,F (α) =
∫ ∞
0
x2 log(1∓ exp(−
√
x2 + α)), (11)
where h = (
√
2Re(H0)− υ) is the real part of the neutral component in the doublet, ni are the
field multiplicities, m2i (h) are the field-dependent mass squared which are given in Appendix B
in [9], and Λ is the renormalization scale which we choose to be the top quark mass. where the
summation is performed over the scalar longitudinal gauge degrees of freedom, and m˜2i (h, T )
are their thermal masses, which are given in Appendix B. The contribution (10) is obtained
by performing the resummation of an infinite class of of infrared divergent multi-loops, known
as the ring (or daisy) diagrams, which describes a dominant contribution of long distances and
gives significant contribution when massless states appear in a system. It amounts to shifting
the longitudinal gauge boson and the scalar masses obtained by considering only the first two
terms in the effective potential [19]. This shift in the thermal masses of longitudinal gauge
bosons and not their transverse parts tends to reduce the strength of the phase transition. The
integrals (11) is often estimated in the high temperature approximation, however, in order to
take into account the effect of all the (heavy and light) degrees of freedom, we evaluate them
numerically.
In order to generate a baryon asymmetry at the electroweak scale [20], the anomalous violating
B+L interactions should be switched-off inside the nucleated bubbles, which implies the famous
condition for a strong first order phase transition [21]
υ(Tc)/Tc > 1, (12)
where Tc is the critical temperature at which the effective potential exhibits two degenerate
minima, one at zero and the other at υ(Tc). Both Tc and υ(Tc) are determined using the full
effective potential at finite temperature (9).
In the SM, the ratio υ(Tc)/Tc is approximately
(
2m3W +m
3
Z
)
/
(
πυm2h
)
, and therefore the
criterion for a strongly first phase transition is not fulfilled for mh > 42 GeV. However, if
the one-loop corrections in (13) are sizeable, then this bound could be relaxed in such a way
that the Higgs mass is consistent with the measured value at the LHC. This might be possible
since the extra charged scalars affect the dynamics of the SM scalar field vev around the critical
temperature [22].
In this model, the one loop correction to the Higgs mass due to the charged singlets, when
neglecting the Higgs and gauge bosons contributions, is
m2h ≃ 2λυ2 +
∑
i
λ2i υ
2
16π2
ln
m2Si
m2t
, (13)
where the first term on the right hand side of the equation is the Higgs mass at the tree level.
If one takes mS1 = mS2 = 2mt and λ1 = λ2, then the Higgs mass is exactly 125 GeV for
λ = 10−1, 10−2, 10−3 if λ1 = 1.82, 3.68, 3.82, respectively. Note that these values are still
within the perturbative regime. On the other hand, these extra corrections could be negative
and may relax the large tree-level mass value of the Higgs to its experimental value for λ large.
Therefore, it is expected that these extra charged scalars will help the EWPT to be strongly
first order by enhancing the value of the effective potential at the wrong vacuum at the critical
temperature without suppressing the ratio υ(Tc)/Tc, and therefore avoiding the severe bound
on the mass of the SM Higgs. However, as it has been shown in the previous section, the relic
density requires large values for mS1 and so the Higgs mass in Eq. (13) can be easily set to its
experimental value (125 GeV ),while keeping S2 light, for small doublet quartic coupling (which
gives a strong EWPT). Thus, both the measured values of the Higgs mass and the requirement
for the EWPT to be strongly first order are not in conflict with values of m2 smaller than
245 GeV (as required from the observed relic density).
During the Universe cooling, the Higgs vev decreases slower than the SM case, where it decays
quickly to zero just around T ∼ 100 GeV. Here it is delayed up to TeV due to the existence
of the extra charged scalars; and the EWPT occurs around T ∼ 100 GeV due to the fact that
the effective potential at the wrong vacuum ( < h >= 0) is temperature-dependant through the
charged scalars thermal masses in the symmetric phase [9].
In July 2012, ATLAS [23] and CMS [24] collaborations have announced the observation of a
scalar particle with mass ≃ 125 GeV at about 5 σ confidence level. The question is whether or
not this is really the SM Higgs or some Higgs-like state with different properties. Indeed, the
fit of the data by the ATLAS collaboration seems to show an excess in h→ γγ events by more
than 50% with respect to the SM, while the updated CMS analysis is consistent with the SM.
Defining Rγγ and RγZ to be the decay width of h → γγ and h → γZ respectively, scaled by
their expected SM value, we find that
Rγγ =
∣∣∣∣∣∣1 +
υ2
2
λ1
m2
S1
A0 (τS1) +
λ2
m2
S2
A0 (τS2)
A1 (τW ) +NcQ2tA1/2 (τt)
∣∣∣∣∣∣
2
, (14)
RγZ =
∣∣∣∣∣∣1 + s2w
υ2
2
λ1
m2
S1
A0 (τS1 , ζS1) +
λ2
m2
S2
A0 (τS2 , ζS2)
cwA1 (τW , ζW ) +
2(1−8s2w/3)
cw
A1/2 (τt, ζt)
∣∣∣∣∣∣ (15)
where τX = m
2
h/4m
2
X , ζX = m
2
Z/4m
2
X , with mX is the mass of the charged particle X running in
the loop, Nc = 3 is the color number, Qt is the electric charge of the top quark in unit of |e|, and
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Figure 4. Left: In the left figure, the critical temperature is presented versus the quantity υc/Tc
in (12). In the right one, the relative contribution of the one-loop corrections (including the
counter-terms) to the Higgs mass versus the parameter λ. Right: The modified Higgs decay rates
B(h → γγ) vs B(h → γZ), scaled by their SM values, due to the extra charged scalars, for
randomly chosen sets of parameters. The magenta (yellow) line represents the ATLAS (CMS)
recent measurements on the h→ γγ channel, while the blue one is their combined result.
the loop functions Ai are defined in [25]. It is clear that the effect on B(h → γγ) the charged
scalar singlets will depend on how light are S±1,2, the sign and the strength of their couplings to
the SM Higgs doublet. For instance, an enhancement can be achieved by taking λ1 and/or λ2
to be negative.
In Fig. 4, we present the ratio υ(Tc)/Tc versus the critical temperature Tc (left); and Rγγ
versus RγZ (right) for randomly chosen sets of parameters where the charged scalars are taken
to be heavier than 100 GeV, the Higgs mass within the range 124 < mh < 126 GeV. In our
numerical scan, we take the model parameters relevant for the Higgs decay to be in the range
λ < 2, |λ1,2| < 3, m21,2 < 2 TeV2, (16)
where the Higgs mass is calculated at one-loop level. An enhancement of B(h → γγ) can be
obtained for a large range of parameter space, whereas B(h → γZ) is slightly reduced with
respect to the SM. It is interesting to note that if one consider the combined ATLAS and
CMS di-photon excess, then RγZ is predicted to be smaller than the expected SM value by
approximately 5%.
From Fig. 4, we can see that one can have a strongly first order EWPT while the critical
temperature lies around 100 GeV without being in conflict with the measured value of the Higgs
mass; while Rγγ can have an enhancement where RγZ remains almost constant.
5. Phenomenology at the ILC
The RH neutrinos do couple to the charged leptons only, then one excepts them to be produced
at e−e+ colliders, such as the ILC and CLIC with a collision energy
√
s of few hundreds GeV
up to TeV. If a NiNk pair is produced inside the collider, they will decay to pairs of charged
leptons and N1N1, where the charged leptons have not necessary the same flavor. If such decays
occur inside the detector, then the signal will be

6 E for e+e− → N1N1
6 E + 2ℓR, for e+e− → N1N2,3
6 E + 4ℓR, for e+e− → N2,3N2,3,
and since mNi ≥ 100 GeV, it is very possible that the decay N2,3 → N1+2ℓR occurs outside the
detector, and thus escapes the detection, and therefore considered to be missing energy. The
process e+e− → e−µ++ 6 E can be a good probe for this model, however there are here so many
contributions to the missing energy whose sources both the f’s and g’s vertices in (1) [26]. Here,
we analyze the production of all possible pairs of RH neutrinos, tagged with a photon from an
initial state radiation, that is e−e+ → NiNkγ (with i, k = 1, 2, 3), where one searches for a high
pT gamma balancing the invisible RH neutrinos.
If the emitted photon is soft or collinear, then one can use the soft/collinear factorization
form [27]
dσ (e+e− → NiNkγ)
dxd cos θ
≃ F(x, cos θ)σˆ (e+e− → NiNk) , (17)
F(x, cos θ) = αem
π
1 + (1− x)2
x
1
sin2 θ
. (18)
with x = 2Eγ/
√
s, here θ is the angle between the photon and electron and σˆ is the cross section
evaluated at the reduced center of mass energy sˆ = (1−x)s. Collinear photon with the incident
electron or positron could be a good positive signal, especially if the enhancement in (17) is
more significant than the SM background.
There are two leading SM background processes: a) the neutrino counting process e−e+ →
νiν¯iγ from the t-channel W exchange and the s-channel Z exchange, and b) the Bhabha
scattering with an extra photon e−e+ → e−e+γ, which can mimic the NiNi signature when the
accompanying electrons or photons leave the detector through the beam pipe [28]. In addition
to putting the cut on the energy of the emitted photon, one can reduce further the mono-photon
neutrino background, by polarizing the incident electron and positron beams such that
Ne−
R
−Ne−
L
Ne−
R
+Ne−
L
>> 50%;
Ne+
R
−Ne+
L
Ne+
R
+Ne+
L
<< 50%, (19)
whereNe−
L,R
andNe+
L,R
are the number densities of the left (right)-handed electrons and positrons
per unit time in the beam. At
√
s >> 100 GeV the process e−e+ → νiν¯iγ is dominated by the
W -exchange, and hence one expect that having the electron (positron) beam composed mostly of
polarized right handed (left handed) electrons (positron) reduces this background substantially,
whereas the signal increases since Ni couples to the right handed electrons.
When estimating the total cross section σ (e+e− → NiNk) [9], we can present the differential
cross section versus the photon energy for two values of collision energies
√
s = 500 GeV and
1 TeV; using the approximation (17), by integrating over the angle θ taking into account the
minimum value of electromagnetic calorimeter acceptance in the ILC to be sin θ > 0.1 [29].
We see that for the benchmark shown in Fig. 5, the heaviest RH neutrino is largely produced
due to its large couplings to the electron/positron. Thus, for this particular benchmark the
missing energy is dominated not by the DM, but rather by the other RH neutrinos. Another
interesting process that might be possible to search for at both lepton and hadron colliders is the
production of S±1,2. At the LHC they can be pair produced in an equal number via the Drell-Yan
process, with a production rate of S±1,2 that is suppressed at very high energies, and so we expect
that most of the produced S±1,2 will have energies not too far from their masses. Then, each
pair of charged scalars decays into charged leptons and missing energy, such as e+e−, µ+µ−,
µ+e−. The observation of an electron (positron) and anti-muon (muon), will be a strong signal
for the production of the charged scalars of this model. The energy carried out by the charged
leptons, ℓ+α ℓ
−
β , produced in the decay of S
±
1,2 will be limited by the phase space available to N1
and ℓα,β since mS2 −mN1 << mS2 . On the other hand, the leptons originating from the decay
Figure 5. The photon spectra from the processes e+e− → NiNkγ where the curves: red,
green, black, blue, yellow, magenta correspond to (i,k)=(1,1), (1,2), (2,2), (1,3), (2,3), (3,3)
respectively. Here, we considered the following favored mass values: mN1 = 52.53 GeV,
mN2 = 121.80 GeV, mN3 = 126.19 GeV, mS2 = 144.28 GeV, and the coupling values:
g1e = −4.19 × 10−2, g2e = 2.10 × 10−2 and g3e = −6.75× 10−2.
of S±1 will be produced in association with a SM neutrino, and hence can have energy as large
as ∼ mS1 . Thus, by putting the appropriate energy cuts on the energy of final states e±µ∓ and
discriminating the SM background (from the decay of pp → W+W− + X → ℓαℓβ + ν ′s), one
can, in principle, identify the signal for the charged scalars. This requires a detailed a analysis
which we plan to carry out in a future publication [26].
6. Conclusion
In this paper, we analyzed a radiative model for neutrino masses, generated at three loop
level. Beside it can accommodate the neutrino oscillation data and be consistent with the LFV
processes, it provides a DM candidate with a mass lying between few GeV up to 225 GeV;
and a relatively light charged scalar, S±2 , with a mass below 245 GeV. Furthermore, we showed
that the charged scalar singlets can give an enhancement for B (h→ γγ), whereas the decay
B (h→ γZ) get a small suppression, compared to the SM. We also found that charged scalars
with masses close the electroweak scale make the electroweak phase transition strongly first
order. Since N1 couples only to leptons, it can not be observed in experiments for direct dark
matter searches. However it might be possible to search for such particle in indirect detection
experiments, such as Fermi-LAT, and at future linear colliders, such as the international linear
collider (ILC). Thus, for this particular benchmark the missing energy is dominated not by the
DM, but rather by the other RH neutrinos.
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